Mice lacking both Kv3.1 and both Kv3.3 K ϩ channel alleles display severe motor deficits such as tremor, myoclonus, and ataxic gait. Mice lacking one to three alleles at the Kv3.1 and Kv3.3 loci exhibit in an allele dose-dependent manner a modest degree of ataxia. Cerebellar granule cells coexpress Kv3.1 and Kv3.3 K ϩ channels and are therefore candidate neurons that might be involved in these behavioral deficits. Hence, we investigated the synaptic mechanisms of transmission in the parallel fiber-Purkinje cell system. Action potentials of parallel fibers were broader in mice lacking both Kv3.1 and both Kv3.3 alleles and in mice lacking both Kv3.1 and a single Kv3.3 allele compared with those of wild-type mice. The transmission of high-frequency trains of action potentials was only impaired at 200 Hz but not at 100 Hz in mice lacking both Kv3.1 and Kv3.3 genes. However, paired-pulse facilitation (PPF) at parallel fiber-Purkinje cell synapses was dramatically reduced in a gene dose-dependent manner in mice lacking Kv3.1 or Kv3.3 alleles. Normal PPF could be restored by reducing the extracellular Ca 2ϩ concentration indicating that increased activity-dependent presynaptic Ca 2ϩ influx, at least in part, caused the altered PPF in mutant mice. Induction of metabotropic glutamate receptor-mediated EPSCs was facilitated, whereas longterm depression was not impaired but rather facilitated in Kv3.1/Kv3.3 double-knockout mice. These results demonstrate the importance of Kv3 potassium channels in regulating the dynamics of synaptic transmission at the parallel fiber-Purkinje cell synapse and suggest a correlation between short-term plasticity at the parallel fiber-Purkinje cell synapse and motor performance.
Introduction
Kv3-type voltage-gated potassium (K ϩ ) channels have high thresholds of activation and are rapidly activated during the upstroke of the action potential (AP). Therefore, Kv3.1 and Kv3.3 act as delayed rectifiers that shape the repolarization of the AP (Rudy and McBain, 2001) . Mice lacking Kv3.1 and Kv3.3 potassium channels display motor deficits such as tremor and severe ataxia; in addition, they are highly ethanol sensitive (Espinosa et al., 2001) . Mice lacking either the Kv3.1 or the Kv3.3 gene do not exhibit any obvious phenotypic alterations in motor function (Chan, 1997; Ho et al., 1997; Sanchez et al., 2000) Compared with several other brain regions, Kv3.1 and Kv3.3 mRNAs are present at high levels in the cerebellar cortex, and therefore, some of the motor deficits observed in Kv3.1/Kv3.3-deficient mice may result from cerebellar dysfunction. Cerebellar granule cells express both Kv3.1 and Kv3.3 (Weiser et al., 1994; Grigg et al., 2000; Li et al., 2001; Rudy and McBain, 2001) , and it is possible that their similar biophysical characteristics and their coexpression in cerebellar granule cells result in functional redundancy, explaining the lack of severe phenotypic changes in mice lacking either the Kv3.1 or Kv3.3 gene. Both Kv3.1 and Kv3.3 may be involved in the repolarization phase of APs in the soma and/or in the axon of granule cells. The alteration of the repolarization of the axonal APs affects the ability for sustained high-frequency firing (Rudy and McBain, 2001 ) as well as the reliability and short-term plasticity at parallel fiber-Purkinje cell synapses (Sabatini and Regehr, 1997; Zucker and Regehr, 2002) .
The present experiments were designed to investigate the possible correlation of motor dysfunction and alterations of the functional properties of parallel fiber-Purkinje cell synapses in mice deficient of Kv3.1 and Kv3.3 alleles. We found that lack of Kv3.1 and Kv3.3 alleles results in motor deficits in a gene dosedependent manner that correlate with alterations in synaptic transmission at the parallel fiber-Purkinje cell synapses.
Materials and Methods
Breeding of mice. The generation, initial characterization, and genotyping of mutant mice lacking Kv3.1 and Kv3.3 K ϩ channel genes have been described (Espinosa et al., 2001 ). Mice were kept on a 12 hr light/dark cycle. Experiments using the force actometer were performed with male and female mice (ϳ3 months of age) on a mixed genetic background of 129/Sv ϫ C57BL/6 ϫ ICR. Most experiments Measurement of walking trajectories. Mice were placed for 6 min on a 28 ϫ 28 cm platform of a force-plate actometer that allows the determination of the animal's center of force (COF) with high spatial (Ͻ1 mm) and temporal (20 msec) resolution (Fowler et al., 2001) . The COF (approximately equivalent to the position of the mouse) was monitored (sampled at 50 Hz) while the mouse was allowed to walk and explore the environment. For the purpose of data analysis, walking was defined as movement when COFs measured 400 msec before and 400 msec after a given time point were at a distance of Ͼ6 cm (corresponding to a walking velocity of Ͼ15 cm/sec). During periods of walking, the triangular surface areas defined by three consecutive COF measurements and the walking distances defined by the COFs were calculated and summed. The ataxia index was calculated as the total surface area divided by the total distance traveled. The value of this ataxia index is zero if the walking trajectory is a straight line and increases with increasing deviation of the COF from the main movement direction.
Voltage-sensitive dye recordings. Slices of the surface of the cerebellar cortex were obtained from adult (40 -60 d of age) mice. Animals were deeply anesthetized with ether and decapitated. The cerebellar vermis was removed and placed in ice-cold artificial CSF (ACSF) containing (in mM): 125 NaCl, 25 NaHCO 3 , 10 glucose, 3 KCl, 2 CaCl 2 , 1 MgSO 4 , and 1 NaH 2 PO 4 , oxygenated with 95% O 2 -5% CO 2 . Superficial slices of the cerebellar vermis, coplanar to the cerebellar surface, were cut of lobules 6/7 (maximum thickness, 400 -500 m) with a vibroslicer (VT1000S; Leica, Nussloch, Germany), left to recover at 35°C for Ͼ30 min, and subsequently stored at room temperature (24°C). Slices were stained with the voltage-sensitive dye di-4-ANEPPS [Molecular Probes, Eugene, OR; 5 M prepared from a stock solution in ethanol/DMSO (2:1), diluted 200:1 in oxygenated ACSF] for 30 min and transferred to a recording chamber. Slices were continuously superfused with oxygenated ACSF containing bicuculline methiodide (20 M; Tocris, Bristol, UK) and 2,3-dioxo-6-nitro-7-sulfamoylbenzo(f)quinoxaline (NBQX) (20 M; Tocris) at a rate of 2 ml/min. All of the measurements were made at 23-25°C. An epifluorescence setup consisting of a 1.6ϫ objective, a dichroic mirror (575 nm), a long-pass filter (590 nm), and an inverted 1.6ϫ projection objective was mounted above the slice. Fluorescence was excited with a laser (532 nm; Verdi; Coherent, Palo Alto, CA) and detected with a high-speed CCD camera (FastOne; Pixel Vision, Tigard, OR) at 2.7 kHz image rate. Current pulses (200 sec; 40 -70 A) were delivered to the surface of the molecular layer through a monopolar platin-iridium electrode (0.5 M⍀). Optical responses are the average of 16 trials repeated at 0.05 Hz.
Calculation of action potential shape parameters. Series of fluorescence images were analyzed using IDL 5.2. Fluorescence images were filtered with a 3 ϫ 3 (42 ϫ 42 m) box filter. Baseline level of fluorescence was taken as the average of eight fluorescence time points, four preceding stimulation by 0.74 -1.85 msec and four 8.51-9.62 msec after stimulation. The AP maximum was defined as the peak fluorescence decrease. Time points of half-maximal AP rise and fall were calculated using linear interpolation between the fluorescence measurement above and below half-maximum. AP width (see Fig. 2C ,D, width at half-maximum) was the difference between rise time point and fall time point. The AP shape (see Fig. 2 High-frequency action potential firing. Fluorescence time courses (see Fig. 3 A, C) were obtained by subtracting a baseline (4.44 msec moving lower quartile) from the raw fluorescence measurements to remove slow components. For comparison (see Fig. 3 B, D) , peak heights were normalized relative to the maximum peak height.
Whole-cell recording. Parasagittal cerebellar slices (230 -250 m) were prepared from 19-to 26-d-old mice following previously established techniques (Reichelt and Knöpfel, 2002) . After recovery (Ͼ1 hr) at 23-25°C, slices were continuously perfused at 2 ml/min with ACSF containing 20 M bicuculline methiodide (see above). Whole-cell recordings were obtained from Purkinje cells using borosilicate glass pipettes (3-4.5 M⍀). Purkinje cells were voltage clamped at Ϫ65 mV, and series resistances were compensated up to 80 -90% using a Axopatch 200B amplifier (Axon Instruments, Foster City, CA). The internal solution contained (in mM): 120 K-gluconate, 9 KCl, 10 KOH, 4 NaCl, 10 HEPES, 3.48 MgCl 2 , 0 or 0.05 EGTA, 17.5 sucrose, 4 Na 2 -ATP, and 0.4 Na 3 -GTP, adjusted to pH 7.3 using KOH. For electrical stimulation of parallel fibers, negative current pulses (500 sec; 2-30 A) were delivered through a glass pipette (filled with external solution) positioned in the molecular layer. Paired-pulse facilitation (PPF) was induced every 30 sec and test responses for LTD were recorded at 0.1 Hz. Pairing protocols for testing for the occurrence of parallel-fiber synaptic plasticity were conducted in voltage-clamp mode. In experiments involving variation of extracellular Ca 2ϩ concentration, the sum of Mg 2ϩ and Ca 2ϩ concentration was kept constant at 4 mM.
Chemicals and drugs. Unless noted otherwise, all of the chemicals were obtained from Sigma (St. Louis, MO).
Statistical analysis. Values obtained from different experimental groups were tested for statistical differences using t test under Origin software (OriginLab, Northampton, MA).
Results
Mice lacking Kv3.1/Kv3.3 genes are ataxic Previous work showed that mice lacking both Kv3.1 and both Kv3.3 alleles (DKO mice; Ϫ/Ϫ, Ϫ/Ϫ) exhibit severe ataxia, myoclonus, and tremor (Espinosa et al., 2001) . In contrast, mice lacking a single Kv3.1 and a single Kv3.3 allele (DHET mice; ϩ/Ϫ, ϩ/Ϫ) and both single mutants (Ϫ/Ϫ, ϩ/ϩ; or ϩ/ϩ, Ϫ/Ϫ) did not exhibit obvious phenotypic alterations in motor behavior
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Kv3.3 ϩ/Ϫ (DHET), 7 SKO, 12 TM, and 5 DKO mice. Asterisks indicate statistical significant differences from WT (*p Ͻ 0.05; **p Ͻ 0.01). (Ho et al., 1997; Sanchez et al., 2000; Espinosa et al., 2001) . In this study, we took advantage of a highly sensitive device that allows measurement of the COF of freely moving mice at a spatial resolution of Ͻ1 mm and a temporal resolution of 20 msec (Fowler et al., 2001) . At this resolution, the trajectory of the COF during walking deviated clearly from a straight line even in normal control mice (Fig. 1 A) . These deviations increased with increasing lack of Kv3.1 and Kv3.3 alleles (Fig. 1 A) . The ataxia index (see Materials and Methods) was calculated for six different genotypes with respect to the lack of Kv3.1 and Kv3.3 alleles (Fig. 1 B) . The ataxia index increased with increasing lack of Kv3.1 and Kv3.3 alleles. It appeared to be slightly yet significantly ( p Ͻ 0.05) different from WT already with the lack of one Kv3.1 allele (Fig. 1 B) . Notably, mice lacking both Kv3.1 alleles and one Kv3.3 allele (TM mice; Ϫ/Ϫ, ϩ/Ϫ) and DKO mice exhibited an ataxic gait that could be easily revealed by simple observation of the animals.
Duration of parallel-fiber action potential is altered in Kv3.1/Kv3.3-deficient mice
The observation that motor dysfunction (severe ataxia, myoclonus, and tremor) was only severely impaired when both Kv3.1 and Kv3.3 channels were absent suggests functional redundancy of these two channels. Given the known expression pattern of Kv3.1 and Kv3.3 channels (Weiser et al., 1994; Grigg et al., 2000; Li et al., 2001; Rudy and McBain, 2001) , cerebellar granule cells are the most obvious candidate neurons that coexpress Kv3.1 and Kv3.3 and are involved in motor function. The Kv3.1 and Kv3.3 channels might be involved in repolarization of the axonal AP of Width of compound action potential is measured at half-maximum fluorescence change relative to a baseline. The stimulation time point is marked by a black triangle. Calibration: 2 msec, 0.2%. Data shown in A-C were obtained from a WT mouse. D, Color-coded maps of action potential width obtained from a WT mouse, a TM mouse, and a DKO mouse. E, Action potential width plotted against distance from the stimulation electrode in a WT preparation and a DKO preparation. Note small increase in the width of the measured compound action potential with increasing distance from the stimulation site, indicating some inhomogeneity in AP conduction velocities of individual action potentials in both genotypes. F, Mean Ϯ SEM action potential shape (resampled at 5 kHz) (see Materials and Methods). G, Mean Ϯ SEM action potential width for WT(917 Ϯ 36 sec; n ϭ 7), TM (1088 Ϯ 56 sec; n ϭ 6), and DKO (1280 Ϯ 89 sec; n ϭ 7). FWHM indicates fluorescence width at half-maximum. Asterisks indicate significant differences from WT (*p Ͻ 0.05; **p Ͻ 0.01).
granule cells (the parallel fibers). To examine this possibility, we measured the shape of compound parallel-fiber APs by means of voltage-sensitive dyes in WT, TM, and DKO mice. We used cerebellar slices cut coplanar with the surface of cerebellar lobules 6/7 (Fig. 2 A) . This preparation allows for optical imaging of parallel fibers over their full trajectory (Vranesic et al., 1994) . Synaptic transmission was blocked with NBQX and bicuculline (20 M), and a high-speed CCD camera was used to record the propagating compound AP (Fig. 2 B) .
Electrical stimulation of the WT cerebellar surface induced compound APs that propagated in both transverse directions (Fig. 2 B) (Vranesic et al., 1994) . The width of the compound AP was measured from the averaged fluorescence time course of individual responsive pixels (Fig. 2C) . The optically recorded compound action potential exhibits an apparent afterdepolarization. This signal component has been described previously, and it is unclear whether it represents depolarization of glial cells or a spike afterdepolarization of the parallel fiber (Vranesic et al., 1994; Sabatini and Regehr, 1997) . Propagating APs were also observed in mutant mice as illustrated in Figure 2 D, which shows a color-coded map of AP width for representative WT, TM, and DKO brain slices. Plotting the width of the AP obtained from individual responsive pixels against the distance from the site of stimulation revealed that the measured width slightly increased with increasing distance (Fig. 2 E) . This observation is consistent with previous data obtained with similar methods showing some inhomogeneity in action potential propagation velocity of parallel fibers (Vranesic et al., 1994) . This slight dispersion of the compound action potential is, however, much smaller than the differences seen between AP width of WT, TM, and DKO mice (Fig. 2 D) . The average AP shape (Fig. 2 F) shows that the AP of WT and Kv3.1/Kv3.3-deficient mice significantly differed during the repolarizing phase. The AP width was significantly larger in DKO mice (mean Ϯ SEM, 1280 Ϯ 89 sec; n ϭ 7; p Ͻ 0.01) and TM mice (1088 Ϯ 56 sec; n ϭ 6; p Ͻ 0.05) compared with that of WT mice (917 Ϯ 36 sec; n ϭ 7) (Fig. 2G) .
High-frequency firing is impaired in parallel fibers of Kv3.1/Kv3.3-deficient mice Because Kv3-type potassium channels are involved in sustained high-frequency firing (Rudy and McBain, 2001; Porcello et al., 2002; Macica et al., 2003) , we examined whether the ability of granule cell axons to follow sustained high-frequency stimulation was affected. Figure 3 , A and B, shows that both DKO and WT parallel fibers faithfully conduct APs at 100 Hz with only a small amplitude reduction in DKO relative to WT at the end of the train of 10 pulses. Only when stimulated at 200 Hz (Fig. 3C,D) is it apparent that the DKO axons cannot sustain this firing rate. WT axons reliably conduct APs even at 200 Hz with relatively little reduction in amplitude, whereas in the DKO, conduction failures are close to 80% for the last of 20 pulses at 200 Hz.
Altered short-term plasticity at the parallel fiber-Purkinje cell synapse in mice deficient of Kv3.1 and Kv3.3 alleles Rapid repolarization of APs is not only required for sustained high-frequency firing but also limits the activity-dependent influx of calcium into presynaptic specialization (Sabatini and Regehr, 1997) and, thereby, synaptic dynamics and plasticity (Zucker and Regehr, 2002) . To investigate whether lack of Kv3.1 and Kv3.3 channels affects synaptic properties, we compared PPF at the parallel fiber-Purkinje cell synapse between WT mice and mice lacking different numbers of Kv3.1 and Kv3.3 alleles (Fig.  4) . The degree of PPF observed in DKO mice was dramatically reduced compared with that of wild-type mice. An intermediate degree of PPF was observed in SHET (Ϫ/ϩ, ϩ/ϩ), SKO (Ϫ/Ϫ, ϩ/ϩ), DHET (ϩ/Ϫ, ϩ/Ϫ), and TM (Ϫ/Ϫ, ϩ/Ϫ) mice. The degree of PPF closely correlated with the number of intact Kv3.1 and Kv3.3 alleles (Fig. 4 B) .
Altered PPF at the parallel fiber-Purkinje cell synapse can be reversed by decreasing extracellular calcium concentration We hypothesized that prolonged APs resulted in decreased PPF because of increased activity-dependent presynaptic calcium influx. This assumption is based on the residual calcium concept (Zucker and Regehr, 2002) . Alternatively, altered PPF might result from altered release of K ϩ (Malenka et al., 1981) or adaptive changes in the mutant mice. To test directly the hypothesis that decreased PPF in mutant mice resulted from increased presynaptic calcium influx, the dependence of PPF on the extracellular calcium concentration was measured. EPSCs induced by pairs of parallel-fiber stimuli at varying interstimulus intervals were recorded at different concentrations of extracellular Ca 2ϩ ([Ca 2ϩ ] o ). The concentration of Mg 2ϩ in the extracellular solution was also adjusted such that the total concentration of divalent cations was constant at 4 mM. In wild-type and mutant mice, PPF decreased with increasing [Ca 2ϩ ] o ; however, comparable PPF values were obtained at lower [Ca 2ϩ ] o in DKO than in WT mice (Fig. 5, Table 1 ). Thus, a similar degree of PPF was obtained for DKO in 0.5-1 mM Ca 2ϩ and for WT in 2 mM Ca 2ϩ . Thus, the decreased PPF in mutant mice could be reversed by lowering [Ca 2ϩ ] o , demonstrating that the alteration in PPF could be accounted for, at least in part, by increased activity-dependent presynaptic calcium influx.
Application of low concentrations of TEA qualitatively, but not quantitatively, replicates the altered PPF of DKO mice in WT mice
Previous work by Sabatini and Regehr (1997) showed that application of the potassium channel blocker TEA results in a broadening of parallel-fiber AP and greatly enhanced postsynaptic currents at the parallel fiber-Purkinje cell synapse. Because the enhancement of the compound postsynaptic current most likely represents an increased probability of release at single synapses, and because PPF also depends on release probability, we expected that TEA would replicate the altered PPF of DKO mice when applied to slices prepared from WT mice. Indeed, application of TEA reduced PPF in WT at concentrations in agreement with the known effects of TEA on heterologously expressed Kv3.1 and Kv3.3 channels (Fig. 6) (Rudy and McBain, 2001 ). However, the reduction in PPF observed with application of TEA at concentrations of up to 1 mM was less dramatic than that seen in DKO slices. Thus, TEA qualitatively but not quantitatively replicated the DKO phenotype. Moreover, at the shortest paired-pulse interval (50 msec), PPF appeared to be slightly affected by TEA also in DKO mice, suggesting the presence of other TEA-sensitive mechanisms that affect PPF at the parallel fiber-Purkinje cell synapse.
Facilitated induction of slow metabotropic glutamate receptor type 1-mediated EPSCs in Kv3.1/Kv3.3-deficent mice
The decreased paired-pulse facilitation observed in the DKO mice indicates that release probability is increased at these synapses. One consequence of increased release probability could be increased accumulation of extrasynaptic and perisynaptic glutamate during trains of parallel-fiber activity. Accumulation of perisynaptic and extrasynaptic glutamate is required for induction of the slow metabotropic glutamate receptor type 1 (mGluR1)-mediated EPSCs in Purkinje cells (Batchelor et al., 1993 (Batchelor et al., , 1997 Tempia et al., 1998; Brasnjo and Otis, 2001; Reichelt and Knöpfel, 2002) . To investigate whether induction of slow mGluR1-mediated EPSCs is facilitated in DKO mice, trains of 1-10 stimuli were delivered to parallel fibers at 100 Hz in the presence of the AMPA receptor antagonist NBQX (Tempia et al., 2001; Reichelt and Knöpfel, 2002) . In WT mice, clear mGluR1-mediated EPSCs were observed with Ն3 stimuli (Fig. 7A) . Increase in the number of stimuli from 3 to 10 resulted in a close to linear increase in the amplitude of the evoked mGluR1-mediated EPSPs (Fig. 7C) (Tempia et al., 1998 (Tempia et al., , 2001 Reichelt and Knöpfel, 2002) . In contrast, 2 stimuli were sufficient to induce clear mGluR1-mediated EPSCs in DKO mice (Fig. 7B) , and the amplitude of these EPSCs reached a maximum already at 10 stimuli (Fig. 7C) . Table 1 .
Parallel-fiber long-term depression in Kv3.1/Kv3.3-deficient mice Mice lacking mGluR1 exhibit a lack of long-term depression (LTD) at the parallel fiber-Purkinje cell synapses along with motor deficits (Aiba et al., 1994; Conquet et al., 1994) . Because induction of the mGluR1-mediated EPSC was facilitated in DKO mice, we investigated whether these mice exhibited an alteration of LTD. In a first set of experiments we tested the effect of pairing parallel-fiber stimulation with climbing-fiber stimulation at 1 Hz for 5 min. This pairing protocol induced LTD (here defined as a long-lasting decrease of EPSC amplitudes to 90%, or less, of baseline values) in 3 out 6 Purkinje cells from WT mice and in 5 of 10 cells from DKO mice (Fig. 8 A, B) . These results indicate that LTD can be induced in DKO mice. Next, we investigated whether induction of LTD is facilitated in DKO mice. For that, we used a protocol that involved pairing of high-frequency parallelfiber stimulation (five pulses at 100 Hz) with direct depolarization of Purkinje cells (to 0 mV for 50 msec; 60 pairings at 0.5 Hz). Pairing of tetanic parallel-fiber stimulation with direct depolarization of Purkinje cells did induce a long-term enhancement of parallel fiber-Purkinje cell transmission in WT mice (4 of 4 cells tested), but produced LTD in DKO mice in 3 of 4 cells tested (Fig. 8D) .
Discussion
The progressive reduction in functional Kv3.1 and Kv3.3 potassium channel alleles led to progressive gait changes that ultimately resulted in severe ataxia in Kv3.1/Kv3.3-deficient mice. Motor dysfunctions that result in ataxia are often associated with alterations of cerebellar function. Both Kv3.1 and Kv3.3 channels are expressed in cerebellar granule cells, suggesting that the altered firing properties of the parallel-fiber system may be involved in the observed ataxia. Hence, we investigated several presynaptic mechanisms of the parallel fiber-Purkinje cell system. We found that AP width increased, PPF decreased, and the threshold for induction of a slow mGluR-mediated EPSC decreased in Kv3.1/Kv3.3-deficient mice. These alterations were allele-dose dependent. We will first discuss the physiological alterations observed in the mutant mice and then the possible relation between the altered physiology and behavior.
Altered dynamics at the parallel fiber-Purkinje cell synapse in mice lacking Kv3.1 and Kv3.3 alleles We found that lack of Kv3.1 or Kv3.3 channels broadens the parallel-fiber AP. The observed AP width in wild-type mice is smaller than that obtained previously with similar methods (Sabatini et al., 1997) but similar to values recorded from the granule cell soma using patch-clamp electrophysiology (D'Angelo et al., 1998) . The ability to repetitively fire APs was only impaired at a frequency as high as 200 Hz. The relatively modest changes in AP shape and sustained high-frequency AP firing in DKO mice indicate that other types of potassium channels such as members of the Kv1 family (Chung et al., 2001) contribute to AP repolarization in parallel fibers. Importantly, even a slight broadening of the presynaptic AP (by application of the potassium channel blocker TEA) increases presynaptic calcium influx and, in turn, leads to greatly enhanced neurotransmitter release at the parallel fiber-Purkinje cell synapse (Sabatini and Regehr, 1997) . At this synapse, the relationship between AP width and presynaptic calcium influx is approximately linear; however, the relationship between AP width and compound EPSC amplitude (i.e., release probability at single release sites) follows a power law with an exponent of n ϭ 3.1 (Sabatini and Regehr, 1997) .
In line with this pharmacological evidence, we found a dramatic alteration of PPF in Kv3.1/Kv3.3-deficient mice. A small yet significant reduction of PPF was already seen when one of the four Kv3.1/Kv3.3 alleles was absent. Kv3.1 and Kv3.3 channels have virtually indistinguishable activation and deactivation kinetics and can form heteromultimeric channels that again are very similar with respect to these properties, and the differences in inactivation properties between Kv3.1 and Kv3.3 channels may not be physiologically relevant for AP repolarization (Rudy and McBain, 2001) . In agreement with the properties described in heterologous expression systems, we found that DHET and Kv3.1 single mutants show a similar reduction of paired-pulse facilitation. We therefore conclude that Kv3.1 and Kv3.3 K ϩ channels are, with respect to AP repolarization, functionally redundant in parallel fibers. With respect to regulation by second messenger signaling system, Kv3.1 and Kv3.3 K ϩ channels may not be redundant even in cerebellar parallel fibers.
We found that the relationship between PPF and [Ca 2ϩ ] o is altered in DKO mice. Comparable PPF values were obtained at lower [Ca 2ϩ ] o in DKO than in WT mice. This result suggests that the decreased PPF in the mutant mice can, at least in part, be accounted for by increased presynaptic calcium influx (Zucker and Regehr, 2002) . Interestingly, the effect of TEA at up to 1 mM was less dramatic than the changes observed in Kv3.1/Kv3.3-deficient mice. We can exclude neither the effects of TEA in addition to blocking Kv3.1 and Kv3.3 K ϩ channels of parallel fibers nor the incomplete block of native Kv3.1/Kv3.3 K ϩ channels by 1 mM TEA, but it appears that the alterations of parallel fiberPurkinje cell transmission in DKO mice are not completely explained by the residual calcium hypothesis. At high [Ca 2ϩ ] o , DKO mice exhibit paired-pulse depression (PPD) rather than facilitation (Fig. 5, Table 1 ). PPD has been proposed to reflect a different activity-dependent modulation of release probability, such as depletion of releasable vesicles or inhibitory actions mediated by autoreceptors (Zucker and Regehr, 2002) .
Facilitated induction of mGluR-mediated EPSC and LTD
Single parallel-fiber APs produce fast, AMPA receptor-mediated EPSCs, whereas short high-frequency bursts of parallel fibers induce slow, mGluR1-mediated EPSCs in Purkinje cells (Batchelor and Garthwaite, 1993; Tempia et al., 1998) . It has been demonstrated that repetitive glutamate release at parallel-fiber synapses is required for glutamate to overcome uptake and to spill over into the perisynaptic and extrasynaptic space in which it activates mGluR1 (Brasnjo and Otis, 2001; Reichelt and Knöpfel, 2002) . The facilitated induction of the mGluR-mediated EPSCs in DKO mice indicates coincident activation of neighboring synapses, which occurs more frequently with increased release probability, by local accumulation of glutamate and activation of mGluR1.
One possible consequence of the facilitated activation of mGluR1 could be altered parallel-fiber LTD, because induction of parallel-fiber LTD requires the activation of mGluR1 (Aiba et al., 1994; Conquet et al., 1994) . In principle, LTD could be occluded in DKO mice because of saturation of the LTD mechanism before the slice experiment or could be absent because of compensatory mechanisms. We found, however, that parallelfiber LTD can be induced in DKO mice, demonstrating that LTD is neither absent nor fully executed at the time of the slice experiment. With a pairing protocol that involves induction of an mGluR1-mediated EPSC, LTD was observed in DKO mice but not in WT mice. Interestingly, pairing high-frequency parallelfiber stimulation with direct Purkinje cell depolarization consistently produced LTP in WT mice recorded with K ϩ -based electrodes in contrast to the previously reported modest degrees of LTD observed in Cs ϩ -loaded Purkinje cells (Brasnjo and Otis, 2001) . The LTP observed in WT Purkinje cells might be related to the form of LTP described by Tsien and coworkers (Lev-Ram et al., 2002) , and our observations suggest that activity of mGluR1 can counteract this form of LTP with a resulting LTD in DKO mice.
Correlation between cellular and behavioral phenotype
What might be the possible link between the observed changes in the parallel fiber-Purkinje cell system and the ataxic phenotype of Kv3.1/Kv3.3-mutant mice? Because Kv3.1 and Kv3.3 channels are coexpressed in several neuronal subpopulations that are in- volved in motor coordination, we can only speculate about the causal relationship between the lack of these channels in parallel fibers and the ataxic phenotype. Mutant mice that lack parallelfiber LTD generally also exhibit an ataxic phenotype (Ito, 2001) . LTD can, however, be induced in the ataxic DKO mice, ruling out this simple explanation. Moreover, along with the facilitated induction of a slow mGluR1-mediated EPSC, LTD was more readily induced in DKO than in WT mice. Whether this facilitated mGluR1 activation and LTD induction causes the motor phenotype is unclear. The behavioral consequence of the alteration in PPF at the parallel fiber-Purkinje synapse is similarly unclear. Interestingly, however, mice that lack the mGluR4 metabotropic glutamate receptor or the synaptic protein Munc13 exhibit an alteration of PPF at parallel fiber-Purkinje cell synapses along with deficient motor performance (Pekhletski et al., 1996; Augustin et al., 2001 ).
